Since energy efficiency and energy improvement are viewed as two of the most important keys of sustainable management, research on energy has become popular and captured much more attention. The current paper aimed to measure the energy efficiency of 25 countries with carbon dioxide (CO 2 ) emissions as well as their energy efficiency improvement. First, a data envelopment analysis (DEA) slack-based model (SBM) was employed to obtain efficiency scores. Second, the Malmquist Productivity Index (MPI) was then used to examine the improvement during the period of 2010-2017. Findings of this study showed that developed countries had a more balanced development between gross domestic product (GDP) growth and CO 2 emissions by using the same inputs as developing countries. Additionally, the findings revealed that India and China, being the two largest population countries, achieved improved energy intensity during 2010-2017; however; their energy consumption and CO 2 emissions continued to grow, leading them to being the two worst countries in terms of energy efficiency.
Introduction
In recent years, improving energy efficiency has been often advocated as a way to increase the productivity and sustainability of society and the environment as well. According to the International Energy Agency (IEA, 2018), global energy demand rose by 1.9% in 2017-the fastest annual increase since 2010 [1] , caused mainly by the emerging economies. The International Energy Agency also pointed out that the increase in the production of some industrial sectors was the most energy intensive, which boosted energy demand. In the IEA's 2018 report, energy demand in 2017 was 584 exajoules (EJ) and is forecasted to rise 26% to 736 EJ in 2040 [1] . According to the U.S. Energy Information Administration, global energy consumption will increase by 48% by 2040, contributing to almost 26% of greenhouse gas emissions [2] . The world, therefore, is rising to the challenge of increased energy demand and the derived requirement of energy resources. Additionally, hugely increasing energy consumption causes many issues, for example, greenhouse gas emissions. Consequently, cutting back the consumption of global energy has become very crucial, with energy efficiency improvement being one of the most effective tools [1] . Energy efficiency and emission reduction as well as controlling carbon dioxide (CO 2 ) emissions are a country's keys to developing a sustainable economy [3] . Therefore, the assessment of energy and greenhouse gas emissions has received more attention than ever before.
In the past few years, various methods have been applied to measure energy efficiency. However, despite many studies, research on energy efficiency in relation to the environment has never been excessive or has been considered unnecessary. Additionally, it was found that there are rare studies
Research Methodology
To reach the objectives of this paper, we employed a non-parametric method, DEA, which has been widely used to assess the efficiency of decision-making units (DMUs). In accordance with environmental conservation awareness, undesirable outputs should be taken into consideration when evaluating efficiency. DEA usually assumes that producing more outputs relative to fewer inputs is a criterion of efficiency [26] . However, in the presence of undesirable outputs, promoting more good outputs and less bad outputs relative to fewer input resources should be recognized as efficient. The DEA literature includes a model to deal with this purpose, called SBM which was initially proposed by Tone in 2001 [18] and then modified in 2003. The SBM is a non-radial method that directly uses input and output slacks to produce an efficiency measure. In this study, the SBM with undesirable output method of Tone (2003) [26] was applied to measure the energy efficiency of 25 selected countries during 2010-2017. According to Tone (2003) [26] , in SBM, each DMU is assumed to have three factors-inputs, good (desirable) outputs, and bad (undesirable) outputs-represented by three vectors, x ∈ R m , Y g ∈ R s1 , and Y b ∈ R s2 , respectively.
For a DMU (x o , y o ), the decomposition is denoted as x o , y g o , y b o . The production possibility set is defined by the following:
where λ is the intensity vector, and L and U are the lower and upper bounds of the intensity vector, respectively.
o ≥ y b with at least one strict inequality. The SBM of Tone (2001) was modified as follows:
The vectors S − and S b refer to the excesses in inputs and undesirable outputs, and S g represents the shortage in desirable outputs. The DMU o is efficient considering bad output if and only if ρ* = 1 or, in other words, S − * = 0, S g * = 0, and S b * = 0.
According to Hu and Wang [27] , the traditional energy efficiency index is called particular-factor energy efficiency (PFEE) and only considers the energy consumption with respect to producing economic output. The new index, called total-factor energy efficiency (TFEE), considers the use of multiple inputs in order to produce desirable outputs and undesirable outputs. We measured energy efficiency based on the TFEE and the PFEE viewpoint of Hu and Wang [27] . According to those authors, TFEE = Target Energy Input/Actual Energy Input as is shown by Equation (2) below:
Equation (3) shows the TFEE after taking all inputs, outputs and bad outputs into account [16] .
TFEE = Total-factor input efficiency + Total-factor output efficiency + Total-factor bad output efficiency
The index PFEE computes the efficiency ratio by directly dividing GDP output by energy input as an indicator of energy efficiency.
Besides calculating technical efficiency at a given time, it is equally important to calculate efficiency over time. Comparing efficiency levels between different time periods gives researchers a better view of the change in efficiency over time, which enables them to assess how these changes influence efficiency and can help partly in predicting the fluctuations of future performance [20] . To do this, the Malmquist Productivity Index which helps to calculate the change in aggregate productivity over time was proposed. In the DEA method, the estimation of technical efficiency is based on a defined frontier and, therefore, the comparison between two different time periods based on two different frontiers is very complex. Fare. [28] proposed a model for determining the change in total productivity over time in which any DMU would be studied at two different times t and t + 1 (corresponding to two different frontiers at two points t and t + 1) and then the change would be compared in that DMU's total productivity. Let us assume that E is the distance function with t and t = 1 being two different time periods. We have the following equation:
where MPI t+1 t is the index between the two time periods t and t + 1: MPI t+1 t > 1 indicates increased performance, whereas MPI t+1 t < 1 indicates decreased performance. The Malmquist Productivity Index can be combined by using technical change (TECHCH) and efficiency change (EFFCH). The equation can be written as follows:
Efficiency change is defined as the "catch-up effect relating to the degree to which a DMU improves or worsens its efficiency." Efficiency change >1 indicates progress in relative efficiency from period to 1, whereas efficiency change =1 and efficiency <1 indicate no change and regress in efficiency, respectively. Technical change is defined as the "frontier-shift effect reflecting the change in the efficient frontiers between the two time periods." Technical change >1 stands for technical progress, and technical change <1 shows technical regress. Total productivity change is used to estimate changes in the overall productivity of each DMU over time measured by the Malmquist Productivity Index (MPI). MPI >1 indicates a productivity increase, MPI = 1 indicates productivity does not change, and MPI <1 means that productivity decreases. The major cause of productivity improvement can be ascertained by comparing the values of the efficiency change and technological change indexes. Put differently, the productivity losses described can be the result of either efficiency declines or technical regresses, or both.
Empirical Results

Data Collection
According to data obtained from the Enerdata Yearbook 2018 [29] , there are 26 countries that have CO 2 emissions higher than 200 metric tons (MT) in the year 2017. Those countries were Australia, Brazil, Canada, China, Egypt, France, Germany, India, Indonesia, Iran, Italy, Japan, Kazakhstan, Malaysia, Mexico, Poland, Russia, Saudi Arabia, South Africa, South Korea, Spain, Taiwan, Thailand, Turkey, United Kingdom, and United States. However, due to the data access limitation for Taiwan figures, this study selected 25 out of the 26 countries as the research sample. Based on the related literature review, three inputs (labor, capital, total energy consumption) and two outputs (GDP and emissions) were usually employed.
In this study, defined energy efficiency refers to using economic and energy resources to promote the growth of GDP while reducing greenhouse gas emissions [24] . Therefore, an economic indicator such as labor force and capital stock together with energy input-energy consumption were selected as inputs, while GDP and greenhouse gas emissions were selected as desirable output and undesirable Energies 2019, 12, 1535 6 of 14 output, respectively. Since data regarding capital stock cannot be found directly in any one source, we used data regarding gross capital formation (constant 2010 US$) to represent the indicator for capital. In addition, among several kinds of emissions, CO 2 is currently capturing the most attention. Thus, CO 2 emissions were chosen as the representative of bad output in this study.
Data for this research were collected for the eight-year period from 2010 to 2017. Data regarding gross capital formation and labor force, as well as GDP values, were provided by The World Bank's data [30] , while data regarding energy consumption and CO 2 emissions were gathered from the Enerdata Yearbook 2018 [29] . A summary of inputs and outputs is presented in Table 1 regarding the maximum value, minimum value, average, and standard deviation of each indicator. As the data in Table 1 show, the mean GDP of all 25 sample countries saw an increasing trend during 2010-2014, then witnessed a drop from 2551.50 billion US$ in 2014 to 2436.61 billion US$ in 2015 and a recovery in the two consecutive years 2016 and 2017. Among these 25 countries, the United States had the highest GDP, followed by China, whereas Kazakhstan showed the lowest Energies 2019, 12, 1535 7 of 14 GDP amount. Mean CO 2 emissions experienced an increase during 2010-2017, except the minor 0.2% decrease in 2015. China, the United States, and India were the top three emitting countries, whereas Egypt was the country that emitted the lowest amount of CO 2 emissions. China, India, and the United States were also the three largest countries in terms of energy consumption and labor force. During 2010-2017, these 25 countries witnessed an increase in energy consumption, in the number of workers in the labor force and in gross capital.
Energy Efficiency
In this study, DEA-Solver-Pro (software version 13 was used to measure energy efficiency. To deal with the undesirable output, a DEA SBM was applied. According to Hu and Wang [27] , the traditional energy efficiency index only considers the energy consumption with respect to producing economic output. However, energy alone cannot produce economic output. Thus, when evaluating energy efficiency, energy should be put together with other inputs in order to produce a desired output [27] . Additionally, consuming energy also emits greenhouse gas emissions, an undesirable output. Therefore, the bad output should be also included. To gain an insight into the different results between TFEE and PFEE, two separate measures were carried out in this study. The results for TFEE and PFEE are presented in detail in Tables 2 and 3, respectively.  Table 2 presents the energy efficiency obtained by using the multiple inputs to produce GDP and emit CO 2 emissions. The results show that six countries were efficient in terms of energy over the period of 2010-2017 as the corresponding efficiency scores are "1". This indicates that these six countries show a more balanced development between GDP growth and CO 2 emissions by using the input resources more effectively than the others. It was observed that most developing countries showed a poorer performance than that of developed countries. We, therefore, divided the sample observation into two groups based on the Human Development Index (HDI) in the year 2017. We defined countries with an HDI larger than 0.89 as developed countries. These included 10 countries: Australia, Canada, France, Germany, Italy, Japan, South Korea, Spain, United Kingdom, and the United States. The developing countries included 14 countries: Brazil, China, Egypt, India, Indonesia, Iran, Kazakhstan, Malaysia, Mexico, Poland, Saudi Arabia, South Africa, Thailand, and Turkey. As mentioned above, there were six efficient countries, of which four were developed countries (Australia, Spain, the United Kingdom, and the United States) and two were developing countries (Egypt and Kazakhstan).
The average efficiency score of these 25 countries witnessed a fluctuating but decreasing trend, where the average score decreased from 0.732 in 2010 to the bottom at 0.669 in 2015 and then continually recovered to 0.719 and 0.728 in the two consecutive years 2016 and 2017, respectively. Moreover, the average efficiency score of developed countries experienced a drop from 0.907 in 2010 to 0.901 in 2017, except for the increase to 0.911 in 2013. Although there was a decreasing trend, the mean efficiency score of developed countries during 2010-2017 was quite stable. The same can be said for developing countries with the continual fall of the efficiency score from 0.615 in 2010 to 0.612 in 2017; however, the decline was insignificant. In addition, it was observed that the lowest efficiency score was in 2015 for both developed and developing countries. The reason for this was probably the faster increase in the amount of CO 2 emissions in that year than other years, while the share of GDP was decreased. However, the results in Table 3 prove this phenomenon was mainly caused by the decrease in GDP because the average efficiency score reached its lowest point despite the absence of a bad output.
Furthermore, being the largest country in terms of emitting CO 2 , China saw the second smallest energy efficiency score, 0.233, whereas India-the third largest CO 2 emitter-was the country having the poorest performance with an average score of 0.168. Table 3 demonstrates that by taking only energy as the input to produce GDP, there are two efficient countries and both of them are from the developed group (the United Kingdom and the United States) Initially, it was expected that without considering other inputs and undesirable outputs, the efficiency score would on average be higher and the number of efficient DMU would be greater. However, the results in Tables 2 and 3 are the opposite of the initial expectation. The results imply the effective utility of joining economic and energy resources to grow GDP and reduce CO 2 emissions.
Additionally, the average efficiency score of both developed and developing countries saw a decline during 2010-2017, which is consistent with the results in Table 2 . This implies that the decrease in energy efficiency of these 25 countries is largely due to the slower growth of GDP in later years in comparison to previous years. Moreover, a big gap in efficiency score between the developed and developing group can be seen, which implies that the sample developed countries had a better performance in terms of energy efficiency than the developing ones.
Moreover, Table 3 indicates that in terms of using only energy as an input to produce GDP, India is the country having the poorest performance, followed by Russia and China. China and India together account for about 36% of the global population and more than 25% of the world demand for primary energy as well as one-third of the world's CO 2 emissions [31] . Although these two countries witnessed a better development of their GDP year over year during 2010-2017, their energy consumption and CO 2 emissions continued to grow, leading them to being the two worst countries in terms of energy efficiency. The average energy efficiency of developed and developing countries is presented in Figure 1 , while Figure 2 illustrates the performance of China and India vs. the average of the 25 countries in terms of TFEE and PFEE. The findings of this study are similar to the results obtained by Liu and Liu [24] , measuring the energy efficiency of the top 20 CO2 emitting countries. The results of our study are also supported by the study of Wang. [21] , which evaluated the energy efficiency of 17 countries during 2010-2015, and the study of Zhou [19] , which measured the energy efficiency of APEC countries. 
Energy Efficiency Improvement
Comparing efficiency levels between different time periods gives researchers a better view of the change in efficiency over time, which enables them to assess how these changes influence efficiency and can help partly in predicting the fluctuations of future performance [20] . To do this, we applied the Malmquist Productivity Index in our study, which helps to calculate the change in aggregate The findings of this study are similar to the results obtained by Liu and Liu [24] , measuring the energy efficiency of the top 20 CO 2 emitting countries. The results of our study are also supported by the study of Wang. [21] , which evaluated the energy efficiency of 17 countries during 2010-2015, and the study of Zhou [19] , which measured the energy efficiency of APEC countries.
Comparing efficiency levels between different time periods gives researchers a better view of the change in efficiency over time, which enables them to assess how these changes influence efficiency and can help partly in predicting the fluctuations of future performance [20] . To do this, we applied the Malmquist Productivity Index in our study, which helps to calculate the change in aggregate productivity over time. In this study, we examined the change in three groups: efficiency change (EFFCH), technical change (TECHCH) and total productivity change (MPI). In this study, DEA-Solver-Pro software was employed to calculate the Malmquist Input-oriented Variable return to scale (I-V) model. Results obtained for both cases considering and without considering CO 2 emissions are presented in Table 4 .
With economic inputs and undesirable outputs, the Malmquist Productivity Index result showed that the average efficiency change of all 25 countries was 1.056, indicating a 5.6% increase in efficiency. However, the average technical change decreased by 5.6%. The improvement in efficiency and the technical regress resulted in a 1.3% loss in total productivity. This result also revealed that, generally, efficiency change had more impact than the technical change in terms of contribution to total productivity improvement. Results obtained showed an opposite change with developed countries compared to the developing countries group. Most of the developed countries experienced a decline of efficiency with the average change of 10 countries lower than 1; consequently, the average efficiency decreased 2.2%, whereas the group of developing countries had an average score higher than 1-1.108, representing a 10.8% improvement in terms of efficiency. The average technical change of the developed countries was 1.002, indicating an insignificant 0.2% improvement in efficiency. In contrast, the average technical change of the developing countries was equal to 0.906, implying a drop of 9.4%. As a result, the average total productivity change of both developed and developing countries witnessed a minor loss of 2.1% and 0.7%, respectively. Furthermore, the results of individual countries indicated that there were countries showing energy efficiency improvements such as Germany, South Korea, India, Brazil, Indonesia, Iran, Russia, Saudi Arabia, and Thailand. In conclusion, although there were some countries witnessing an improvement in terms of energy efficiency, the growth was insignificant.
Regarding particular-factor energy efficiency, the average efficiency change score and the technical change score for all 25 countries were 0.993 and 1.018, respectively. Values of 0.07% lower in efficiency and 1.8% higher in technical efficiency led to a 1.2% increase in total productivity. The measurement of developed countries indicated the decrease in efficiency change and the growth of technical efficiency. The opposite results were observed for the developing countries, which showed progress in terms of efficiency but a decrease in technical change. Total productivity of the developed countries increased by 5.4% and that of developing countries decreased by 1.5%.
Moreover, the Malmquist results showed a 1.2% progress regarding energy efficiency improvement. Most of the developed countries (except Canada, Japan, and Spain) experienced energy improvement. In contrast, the results of developing countries indicated that only two countries had efficiency progress, namely, China and India. India experienced an improvement in both TFEE and PFEE, which implied that India achieved a better balance between GDP growth and CO 2 emission reduction during 2010-2017. On the other hand, China witnessed the rapid 113.8% improvement only in PTEE, indicating that China performed well in terms of using energy to promote the growth of GDP. However; using a large amount of energy also costs that country a huge quantity of greenhouse gas emissions, which significantly affects the TFEE.
Discussion and Conclusions
This study employs a DEA SBM and the Malmquist Productivity Index to assess the energy and environment efficiency as well as energy efficiency improvement of the top 25 countries on the list of countries having CO 2 emissions during 2010-2017. To measure energy and environment efficiency, we used a joint production framework of both non-energy inputs (gross capital formation, labor force) and energy input (energy consumption) to promote a desirable output (GDP) and reduce an output (CO 2 emissions). We first obtained energy and environment efficiency results by applying the DEA SBM in two separate cases: (1) considering undesirable outputs and (2) without considering undesirable output; and then, the comparison is made. Second, the Malmquist Productivity Index was used to measure the change in efficiency over the period of 2010-2017.
Results obtained using the SBM for total-factor energy efficiency and particular-factor energy efficiency confirmed that by using the same input resources, developed countries were more effective in promoting GDP growth and reducing CO 2 emissions than developing countries. The results of this step also indicated that the performance of the top 25 CO 2 emitters showed a decrease caused by GDP slowdown during 2010-2017. Additionally, the big gap in energy efficiency between the developed and developing groups can be seen in both TFEE and PFEE. This means that the developing group was less efficient than the developed one, not only in terms of using energy to promote the growth of GDP but also with respect to joining multiple economic and energy inputs to elevate GDP and reduce CO 2 emissions.
Results of the Malmquist Productivity Index for TFEE denote that, as a general observation, the 25 sample countries showed no evidential energy enhancement which was proved by the MPI score lower than 1 during 2010-2017. However, Germany, South Korea, India, Brazil, Indonesia, Iran, Russia, Sau Arabia, and Thailand witnessed an improvement in terms of energy efficiency, but the growth was insignificant. On the contrary, the Malmquist result for PFEE confirms efficiency improvement in most developed countries and two developing countries (China and India).
Furthermore, our findings revealed that while India experienced a better balance between GDP growth and CO 2 emission reduction during 2010-2017, China only witnessed the rapid growth of GDP by consuming a lot of energy; however; using a huge amount of energy also cost that country the very low efficiency score. caused mainly by the massive amount of CO 2 emissions.
Our findings provide important policy implications. By measuring the efficiency with and without undesirable output, the results of our study reveal the downward trend of the efficiency score, caused mostly by the slowdown of GDP in the majority of these 25 countries during 2010-2017, which implies that these countries should pay more attention to effectively utilizing economic and energy inputs in order to promote GDP growth. Moreover, lower efficiency scores of the developing countries, especially China, India, Iran, Indonesia, and Russia, denote that more efforts should be made by these countries to improve energy efficiency. One of the solutions to enhance energy efficiency is attempting to not increase input resources in order to maintain economic growth [6] . In addition, a carbon tax has a significant influence on energy efficiency [17] . Therefore, applying a carbon tax is one of the key solutions to achieve energy efficiency targets. Moreover, one aspect of energy efficiency is to reduce the use of fossil fuels; therefore; renewable energy resources are very important. These countries should reconsider their energy resources and policies. Furthermore, the findings of this research illustrated that developed countries, in general, showed better energy efficiency than developing countries. Therefore, sharing and transferring the experience, knowledge, and technology from efficient countries to inefficiency ones should be considered as one of the solutions.
As mentioned above, the gap in energy efficiency between developed countries and developing countries is notable. This gap is probably caused by the inputs and outputs used or is perhaps affected by external environmental factors. Therefore, it is one of the limitations of this study and future research should examine if energy efficiency is affected by external factors. Moreover, findings of this study found a difference between TFEE and PFEE; however, this difference has not been tested for robustness. Therefore, it is suggested that future research should seriously include a sensitivity analysis in order to determine the robustness of the efficiency score.
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